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Abstract

The energy diagram for organic photovoltaics (OPV), involving the bulk
heterojunction (BHJ), on which the device analysis is usually based, has long been a
subject of debate. The widely used Metal-insulator-Metal model and P-type Schottky
Junction model, both of which are based on inappropriate assumptions, could be
incorrect to explain the working principle of BHJ OPV.

To further explore the controversy, we start the investigation from the opposite
direction, to the usually asymmetrical OPV, involving electron and hole passages, by
introducing a pair of symmetric electrodes to a BHJ, to form a completely
symmetrical device structure, which, in theory, would produce zero output.

Surprisingly, it is found that such a symmetrical device exhibits asymmetrical
I-V curves. In particular, it produces a non-zero open-circuit voltage, and a finite
short-circuit current. The cause of the output was the asymmetrical charge carrier
distribution due to the asymmetrical illumination. To explain the operational
mechanism of the symmetrical device, the equivalent circuit including a pair of
inverse-parallel diodes and a new model for the BHJ energy diagram are introduced.
Those findings would certainly improve the understanding of the device physics of

OPV, especially the working principle for BHJ.
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Chapter 1 Introduction

1.1 Renewable energy and photovoltaics

Fossil fuels, including coal, petroleum, and natural gas, are resources derived from
natural processes such as anaerobic decomposition of buried dead organisms. Mostly,
the fulfillment of such processes may cost millions of years and render the fossil fuels
as non-renewable energy resources. The carbon dioxide emitted by combustion of
fossil fuels is called greenhouse gas, which is considered as an important cause of the
global warming and anthropogenic climate change. According to the World Energy
Review in June 2013™ the annual global energy consumption grows at a speed of 2.6%
for the last ten years. About 81% of world’s energy is provided by those fossil fuels up
to now, while the reserves of them are expected to be significantly exhausted by the
end of this century. ¥ The search for environmentally clean and renewable energy
alternatives to supplement and replace the depleting fossil fuels is still under continual
investigation.

1.1.1 Renewable energy
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To distinguish with the fossil fuels, the energy formed by the natural processes that are
replenished constantly is defined as Renewable Energy. The wind, hydropower, tidal,
geothermal, biomass, and solar energy are the most common forms of renewable
energy (Figure 1.1). Most types of renewable energy derive their energy from the sun

directly or indirectly.

Hydeoé lectric Rower , {?&pfgjw
e kel
1337777 7 e—

F 4 f'-.

Figure 1.1 The renewable energy ¢

Lots of attempts in renewable energy application have been made to satisfy the
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increasing global energy demand, such as wind farm, and Geothermal Power Station.
Although the renewable energy is largely developed currently, they are not yet
cost-effective enough for a replacement. As depicted in Figure 1.2, the share of

renewable energy in the Global energy consumption is only 16%.

Wind/solar/biomass/
Fossil fuels 81% geothermal power generation 0.7%

§ Biofuels 0.6%
} Biomass/solar/geothermal
& hot water/heating 1.5%

= Renewables 16% ‘ Hydropower 3.4%

Traditional biomass 10%

I Nuclear 2.8%

Figure 1.2 Renewable energy as share of annual world

Energy consumption in 2011 [

1.1.2 Solar energy

Considered as the most promising candidate, the solar energy is the most
abundant, inexhaustible, and cleanest renewable energy available. Sunlight is a
mixture of electromagnetic waves comprised of infrared, visible, and ultraviolet light.
The solar spectrum, which is similar to that of a 5800 K black body, is displayed in

Figure 1.3. The total energy emitted from the Sun that strikes the face of the Earth is
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5.5 x 10%* joules per year, which is more than the annual total energy consumption of
the world (5.0 x 10%° joules for 2010). ® For a single day, the sun supplies the earth
surface with a radiant energy of about 1.5 x 10%% J, which is enough to accommodate

the needs for all the earth’s inhabitants for at least 30 years.

Solar Radiation Spectrum
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Figure 1.3 The solar spectrum !

The effective solar energy application systems convert the sun’s light or heat to
various forms of energy we need. The human beings have a long history in exploration

of solar energy. As early as 2nd century BC, the Greek physicist Archimedes already
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acquired the technology of solar heating and once used it to destroy the enemy ships
with fire, )

Solar thermal and photovoltaics are two basic ways for the conversion. There
are two types of solar thermal system: passive and active. No facility is required for
the passive system. For instance, the temperature increase in a car parked in the sun is
a passive system. The active system usually needs a thermal collector to take the sun’s
ray, such as the Solar Water Heating (SWH) system. A lot of solar thermal applications
are exploited in both public and commercial entities. By running a heat engine, the
captured solar heat could also produce electricity. However, this is different from the

direct solar energy to electricity conversion in Photovoltaic technology.

1.2 A brief history of solar cells

Photovoltaic cell, or solar cell, is the electronic device that converts the solar energy
into electricity based on the photovoltaic effect, which was first discovered by a
French physicist A. E. Becquerel in 1839. ™) According to Becquerel’s research,
platinum electrodes coated by light-sensitive materials (silver chloride, AgCI)
immersed in the acidic solution could provide finite output current and voltage under
illumination. The solid state solar cell, however, didn’t emerge until forty-four years

later when C. Fritts made a junction device between thin gold layer and semiconductor
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selenium (Se) with an efficiency of about 1%. ™ In 1888, A. Stoletov invented the
photoelectric cell ™! by employing the photoelectric effect which brought A. Einstein

a Nobel Prize in Physics 4.

(a) hveg 0 (b) hv

'ﬂ't'ﬂ/ S |
= "~ N=2=22=222as
- a

PFP*2 22444

/ } Photovoltaic
L8 e W
a a 08 Effect
= s o 3 = T
Photoelectric
Effect

Figure 1.4 The photoelectric effect (a) and the photovoltaic effect (b)

Since sharing lots of common features, the photovoltaic effect is easily
confused with the photoelectric effect. The illustrated diagrams (Figure 1.4) are used
to clarify the difference between them. In the photoelectric effect, the electrons are

ejected from a material’s surface and passing through the vacuum to reach another
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material under illumination. However, upon exposure to light, the excited electrons
would jump from the valence band to the conduction band and be transported to a
different material directly by an internal electric filed in the photovoltaic effect.

The p/n junction, which was first witnessed by R. S. Ohl in 1939 % broadens
the photovoltaic research horizontals and makes the commercialization of the
inorganic solar cell possible. In 1946, inspired by the diodes researches, Ohl invented
the modern junction semiconductor (silicon) solar cell prototype and patented it as

“Light sensitive device” 1*°!,

Figure 1.5 The first practical solar cell !
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The first practical inorganic solar cell (Figure 1.5) with an efficiency of 6%
was invented by D. Chapin, C. Fuller, and G. Pearson at Bell Laboratories in 1954. [*]
And further enhancement made by L. Hoffman improved the efficiency from 2% to 14%
for the large scale production. ™8 However, the high cost ($250 per watt) caused by
the raw material made it less competitive, especially in comparison with the fossil
fuels ($2 per watt).

In order to reduce the cost of raw materials, other inorganic semiconductor
materials are under active investigation, such as amorphous silicon (a-Si), cadmium
telluride (CdTe), copper indium gallium diselenide (CIGS). Those semiconductors are
applied in the form of thin films with thickness of several micrometers. The solar cells
made of these are usually called the second generation solar cell (or thin-film solar
cell), while the first generation is defined as the devices mainly use crystalline silicon
as raw materials.

Those new semiconductors provide a better solar absorption, a lower
fabrication cost, and a much easier procedures. Both CdTe (16.5%) % and CIGS
(19.2%) Y thin film solar cells exhibited high efficiencies in the lab. First Solar, Inc.
is the largest manufacturer and seller of thin film solar panel in the world and they
successfully reduced the cost below $1.00 per watt by using CdTe as raw material. **
The second generation solar cells are accountable for 16.8% shares of solar panel

market in 2009. ' However, the problems found in the mass production such as the
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toxicity (cadmium and lead), the stability (a-Si) of the thin film largely restrict the
further development.

The 1990s should be the golden age of solar cell researches. Aside from the
monocrystalline silicon solar cell with an efficiency of 24.4% was fabricated (1998)
(241 great achievements were made by the introduction of new concept and emerging
technology. The nanostructured solar cell (NSC), the dye-sensitized solar cell (DSSC),
and the organic solar cell are the most important representatives for the new
generation solar cell (the third generation solar cell). The goal of this generation is
breaking the theoretical efficiency limit (Shockley-Queisser Limit %) of the solar
cell.

One promising device among NSC is the Quantum-Dot solar cell, which is
built up of a semiconductor (silicon) coated with a very thin layer of quantum dots.
Quantum dots referred to the crystals with diameters in size range of few nanometers.
Although the Quantum dots solar cell is still at a pre-commercialization stage, the
unique properties (multiple exciton generation effect ), tunable band gap, large
surface area) as well as the potential efficiency of 65% ! already drawn a large
number of photovoltaic researches.

The DSSC was first proposed by B. O’Regan and M. Grazel at UC Berkeley in

1988 %) and fabricated at EPFL in 1991 B%. The devices are based on large band gap

porous semiconductors attached with dye molecules monolayer. The DSSC has lots of
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merits: the simple roll-printing techniques, the low cost raw materials, and the

excellent stability. The latest efficiency record for the DSSC is 10.2%. B!

100 $0.10 perW  $0.20 per W $0.50 per W
: | _ thermodynamic
limit at
- 46200 suns
Eﬂ -y - ... &
ultimate
e ma_nmd}r_mmic
E 60 limit at 1 sun
g $1.00 per W
fo| L1/
Shockley-
€ Queisser limit
20 $3.50 per W
0 I
0 100 200 300 400
cost ($ per m?)

Figure 1.6 The efficiency and cost comparison among

the three generation (1, 11, 111) solar cells %%

The research of organic solar cell starts from 1958 by D. Kearns and M. Calvin
321 The single layer device made by them has a very small efficiency and a large
resistance. Due to the poor performance compared with their inorganic counterparts,

few researches continued. There is no significant development for organic solar cells

10
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until 1986, when C. W. Tang at Kodak demonstrated a two-layer device (bilayer
device). 3! The proposed two-layer device, which is similar with the p/n junction of
inorganic solar cell, had an efficiency of 1%.

The invention of Bulk Heterojunction (BHJ) Organic Solar Cells in 1995 by A.
Heeger et al. represented a major milestone and a significant improvement in
efficiency. B4 The interpenetrating structure of bulk heterojunction largely increases
the interface area of acceptor and donor materials. The low manufacture cost,
flexibility, as well as the potential high efficiency made the organic photovoltaic
research a rapidly progressing field again. Currently, the highest efficiency record for
organic solar cells (12%) is held by Heliatek. !

To challenge the Shockley-Queisser Limit, several new device configurations
have been designed, such as the tandem cell. Tandem cell is the solar cell consisted of
several p-n junctions. Each junction of the cell is tuned to absorb light of different

wavelength range. The device structure of tandem cell is shown in Figure 1.7.

11
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Absorption

-

Wavelength

Absorption

Wavelength

Figure 1.7 Device configuration of the tandem cell and the absorption spectrum of top

device and bottom device [

A broad range of policies were implemented to promote the development and
deployment of solar energy in last decade. Without the subsidies from the government
in Germany and Japan, the solar technologies are not fully competitive. There is still a
long way from a lab demonstrator to a commercially cost-effective device for the solar
cell. Figure 1.8 displays the latest research developments as well as efficiency records

of each type of solar cells.

12
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1.3 Organic semiconductors

Organic semiconductors (Figure 1.9) are the carbon-based materials with backbones
comprised of alternating C-C or C=C bonds. The electron configuration for a carbon
atom is 1s%2s?2p®. The s and p orbitals could form three sp® orbitals while the fourth p,
orbital is left behind. The overlap of p, electron wavefunctions results in the
delocalization of charges, which is responsible for the semiconducting properties of

organic semiconductors.

@ | )

P3HT Hﬁfixﬁh o g
PCPDTBT ._:}1“_
siih o bis-PCBM a&‘
PCOTBT }{,‘)‘:f
o 3
Y tris-PCBM ﬁ;%,\
' -
PTB7 -
J--T-HQ
; ICBA ﬁ

DPPTT ?{Ei?“g

Figure 1.9 Several organic semiconductors for organic solar cells: (a) p-type donor

materials; (b) n-type acceptor materials (fullerene derivatives) B2

14
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The optical and electronic properties of organic semiconductor are vital to the
performance of organic solar cell. A comparison between inorganic and organic
semiconductors is made.

The first comparison comes from their absorption ability on sun light. Organic
semiconductors usually exhibit very high absorption coefficients (about 10’ m™) and a
thin film with a thickness of 100 — 300 nm is sufficient for a good absorption yield for
photovoltaic application. However, an absorber layer of several micrometers is
required for the second generation solar cell and more than 100 micrometers for single
crystalline silicon solar cell.

Despite the advantage, the organic semiconductors could only absorb a finite
range of solar spectrum due to the narrow absorption width (large energy gap). The
energy gap of a conjugated polymer is about 2 eV (absorption range: visible spectrum),
while for inorganic semiconductor silicon the band gap is just 1.1 eV (absorption
range: the whole visible spectrum, and beyond to 1000 nm). Several methods of
molecular modification were adopted to reduce the energy gap of organic
semiconductors, such as the introduction of bridging atoms B!,

The largest difference between inorganic and organic semiconductor is the fact
that the excited states in organic semiconductor are localized. The generated exciton,

created from the absorption of a photon, is localized on a single molecule or a single

15
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conjugated segment within a volume of few cubic nanometers in organic
semiconductors. However, the dielectric constant of organic semiconductor is very
low (e = 3~4) compared with their inorganic counterpart (for silicon, € = 11.8). This
directly results in their distinct exciton dissociation processes. We can assume the
generated exciton as a Coulomb-bonded electron-charge pair with a separated distance
of 1 nanometer. The calculated binding energy for organic semiconductor is about 0.5
eV, which is much larger than the thermal energy at room temperature (E¢, = 0.02585
eV). This kind of tightly bound exciton is defined as “Frenkel Exciton” while the
weakly bound exciton in inorganic semiconductors is termed as “Wannier-Mott
Exciton”. Since the generated exciton could be easily dissociated as their inorganic
counterpart, external forces such as electric field are needed for the charge separation.

Most of the organics, especially the conjugated polymers, are not crystalline
materials. The disordered structure makes the charge carrier transport mainly in a
hopping mechanism, which is less effective than the band transport in inorganics.

In spite of those shortcomings, the low cost, ease of manufacture by printing or
spin-coating from solution made it possible for the large scale commercialization. A

brief comparison is summarized in Table 1.1.
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Table 1.1 A comparison between organic and inorganic semiconductors

Inorganic Semiconductors

Organic Semiconductors

(Silicon) (P3HT)

Absorption Thickness ~100 um ~100 nm
Energy Gap Width 1.1leV 19eV
Dielectric Constant 11.8 Usually 3~4

Exciton Type

Wannier-Mott Exciton

Frenkel Exciton

Charge Transport Method

Band transport

Hopping mechanism

1.4 Metal-semiconductor and Metal-insulator-Metal structures

1.4.1 Metal-semiconductor contacts

Current density (kascm=)

1.5F
-/ Ohmic
1k
1sL/  Schottky
-0. 6 -0. 3 L 0.3 0.6
--0.5
- Voltage (V)

Figure 1.10 The current density-voltage characteristics of Schottky and Ohmic

Junction
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There are two different types of metal-semiconductor contacts: the Schottky Junction
and the Ohmic junction. Their current density-voltage characteristics of them are
plotted in Figure 1.10.

The rectifying current-voltage characteristics of Schottky Junction are very
similar to those of the p/n junctions, except for several differences. One of them is that
the Schottky Junction only has a single type of charge carrier. The energy diagram of

p-type Schottky Junctions is exhibited in Figure 1.11.

AC
A
Ec - ¢m
ﬂ:'p
E.
E,
+ -
P-type Metal
Semiconductor

Figure 1.11 The energy diagram of p-type Schottky Junctions

As a low resistance junction, the Ohmic Junction provides current conduction

from metal to semiconductor and vice versa. The electric characteristic of the contact

18



Master Thesis - S. Chen; McMaster University - Materials Science and Engineering

is equivalent to that of a small resistance. A typical Ohmic junction between metal and

p-type semiconductor is shown in Figure 1.12.

P-type
yP Metal
Semiconductor
Evac "
o, >

Ec

E

E,

- +

Figure 1.12 The energy diagram of Ohmic Junctions

1.4.2 Metal-insulator-Metal structures

Metal-insulator-Metal (M-i-M) structures, is the rectifying structures comprised of
insulators and metals. Two metals with asymmetrical work functions are put together
with an insulator sandwiched between. The energy diagram of the structure is
determined by the work functions of the metals, the conduction band and band gap of
the insulator. In most case, the band gap of the insulator is so large that the valence
band of it exists outside of the presented energy diagram scale in Figure 1.13. The tilt

line of the band is due to the internal electric field caused by the work function
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difference between the two electrodes.
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Figure 1.13 The energy diagram of M-i-M structure [*!
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Tunneling is the predominant charge carrier transport mechanism in M-i-M
structures. Under applied bias voltage, the tunneling of electron through the forbidden
insulator region could be possible, especially when the thickness of the layer is rather
small (<10 nm). This model is widely used in the explanation of the operation

mechanism of organic electronic devices, especially in OLED and OPV researches.

1.5 Current challenges for organic photovoltaics

Over the last 30 years, significant interest in utilization of organic photovoltaics has
produced rapid improvement in device efficiency and stability. However, many of the
processes that lead to the low efficiency still remain poorly understood, posing an
enormous challenge for the future efficiency enhancement.

Shockley-Queisser Limit (Figure 1.14) ! or detailed balance limit, is the
mostly used theoretical model for maximum efficiency calculation for a p-n junction
solar cell. According to the curve, the largest efficiency the organic photovoltaic could

reach is about 23%, which is much higher than the current record (~10%). ¥
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Figure 1.14 The Shockley-Queisser Limit for the efficiency of a solar cell

Some possible factors that may result in the efficiency loss include spectrum
loss, exciton loss, recombination loss, and contact loss.

Many methods are proposed including the synthesis of new chemicals, and the
novel device structures. However, the poor understanding of the device physics made
most of the efforts become trial-and-error jobs. The problems on several important
processes such as charge separation, and charge transport still remain controversial.
Many further researches are needed to find the most optimized procedures for high

efficiency devices and the promising way for large scale production.

1.6 Thesis overview

The thesis contains five chapters. Chapter 1 made a brief introduction on the major
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concepts involved in this study, including the history of solar cells, the basics of
organic semiconductors, the development of organic solar cells, as well as the
commonly used energy diagrams for bulk heterojunction solar cells, which are key
tools for analyzing the device physics. It is followed by the detailed literature reviews
in Chapter 2. An overview was given on the working principle and operating
parameters of organic solar cells. However, the controversies of energy diagram of
bulk heterojunction solar cell remain unsolved.

Chapter 3, Experimental Procedures, includes the details of device fabrication,
power conversion efficiency measurements for our study. Results and finding of the
experiments are discussed in Chapter 4. Finally, the main conclusions of this study are

summarized in Chapter 5.
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Chapter 2 Literature Review

2.1 Operation mechanism of photovoltaics

The discovery of new semiconductors and the introduction of p/n junction result in the
large development of device physics of photovoltaics. Currently, the generally
accepted working principle of a solar cell is concluded in three steps: (i) exciton
generation and diffusion; (ii) charge carrier pair separation; (iii) charge carrier
transport and extraction. And we will describe the details of those processes in this

section. .

2.1.1 P/N junction and internal electric field

The basic electronic properties of a semiconductor could be explained in a simplified
two-dimensional crystal models (Figure 2.1). The hole is the majority carrier in
p-type doping region, and the n-type doping region has a large concentration of
electrons. When the two regions are connected, holes would diffuse from the p part to

the n part because of the concentration gradients; whereas the converse is true for the
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electrons in n part.
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Figure 2.1 Two-dimensional representations of n-type doping (a) and p-type doping (b)

silicon crystal

The diffusion of carriers could be considered as a recombination process of the
electrons and holes, which leads to the formation of depletion layer. There are fewer
majority carriers in the depletion layer than there in the electroneutral region, which
results in an uncompensated charge of fixed acceptor (negative) and donor ions
(positive). The space charge creates the internal electric field as shown in Figure 2.2.
The drift current caused by the internal electric field is in the opposite direction of the
diffusion current. When equilibrium state is attained, the net current through the

circuit is equal to zero.
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The built-in voltage caused by the electric field is given by:

NpNy
N?

Vi = ViIn
where Np and Na are the space charge density of the donor and acceptor, and N; the

carrier density of intrinsic semiconductor, V; the thermal voltage.
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Figure 2.2 The formation of internal electric field in p/n junction [*2

2.1.2 Exciton generation and diffusion
The incident photons will be absorbed by the semiconductor materials, reflected by
the surface, or transmitted through the materials. The reflection and transmission are

considered as important efficiency loss mechanism in photocurrent conversion. The
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main parameter determining the absorption of a photon is the energy of the photon.
The photon could be absorbed only when the energy of the photon is enough to excite
the electron from the valence band to the conduction band. The maximum wavelength

of the light that can generate exciton could be calculated by

g
where h is the Planck Constant, ¢ the speed of light, and E4 the band gap of the
semiconductor.

An electron-hole pair (exciton) is generated after the absorption of photon.
Through the diffusion, the created excitons could be transported to the internal electric
field for separation. However, some of them could recombine when they could not be

separated within their lifetime. The recombination would release the energy by giving

off a photon or phonon.

2.1.3 Charge carrier pair separation

The band bending due to the internal electric field is good enough for the created
electrons and holes to easily roll down or bubble up within the depletion layer. The
value of photocurrent is determined by the ratio of exciton pair generated by the light,

which could be increased by the illumination intensity.
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Figure 2.3 The photon generation and charge carrier pair separation 1*!

The dielectric properties (¢) of semiconductor discussed in the Section 1.3 is
crucial to the charge carrier pair separation process. The energy required to separate the
pairs could be estimated by

eZ

ESeparation = Amer

where the e is the elementary charge, r the distance between the two charge carriers.
In inorganic solar cells, the excitons could be easily separated by the thermal

energy (0.02585 eV) provided by the room temperature. However, the driving force for
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the exciton dissociation in organic solar cells (especially the Bulk Heterojunction Solar

Cells) remains controversial. 2!

2.1.4 Charge carrier transport and extraction
After the charge pair separation, the charge carriers would be transported to the
corresponding electrodes and produces the output current. In addition to the drift
current due to the built-in electric field, the diffusion current mechanism is caused by
the concentration gradient of the charge carriers.
Drift current is determined by the conductivity o of the materials and the
electric field density E:
Jarift = oE.
The o of a semiconductor is given by:
0 = qniin + qplyp
where q is the elementary charge, n and p the concentration of electrons and holes, and
pnand u, the mobilities of electrons and holes respectively.
Diffusion current is characterized by the Fick’s fist law:
. dp
Jaif fusion = CIDa
where D is the diffusion coefficient of the charge carriers (holes or electrons), and
[44]

dp/dx represents the flux density.

In inorganic solar, the band transport is the dominant mechanism while for
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disordered materials as conjugated polymers, charge carriers mostly use hopping
method for transport. In the organic semiconductors, the localized charge carriers hops
between two neighboring sites when the wave functions of the given orbital do not
overlap strongly. ) The hopping mechanism leads to the small mobility and poor
charge transport of the organic semiconductors.

During the transport process, the charge carriers could also recombine.
Geminate recombination refers to those carriers share the same precursor state in
contrast to the non-geminate (bi-molecular) recombination. Geminate recombination
is a unique phenomenon observed in the organic photovoltaics due to the difficult
charge separation processes (Frenkel Exciton). In addition, the low mobility of organic
semiconductors as well as the possible interrupted transport path caused by
interpenetrating morphology largely increases the probability of the non-geminate
recombination. However, the recombination rate could be largely reduced by a fine
control of the internal microstructure of the bend. ¢!

In the end, the dissociated charge carriers that do not recombine are collected

by the corresponding electrodes and yield an output current.

2.2 Device development of organic photovoltaics

2.2.1 Single layer devices
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The emergence of the organic photovoltaics is usually attributed to the discovery of
semiconduction in organic molecular substances. The organic photovoltaic device was
first witnessed by D. Kearns and M. Calvin in 1958 when they made a laminated
device by employing magnesium phthalocyanine (MgPh) and air-oxidized tetramethyl
p-phenylenediamine (TM®D). ¥% Although their output voltage could arrive 200 mV,
the maximum power produced was only 3*10™2W.

Some following researches started to replace chemicals for the organic layer
and sandwiched it in between two dissimilar metal electrodes, typically a layer of
indium tin oxide (ITO) and a high work function metal layer (Aluminum, Calcium, or
Silver). ¥ It is the simplest device configuration for the various types of organic

photovoltaics. A sketch of the single layer devices is displayed in Figure 2.4.

Al“m“mi’hc%
e Organic Laye,

q‘s# smm

Figure 2.4 Single layer OPV devices (structure: Al/Organic/ITO)

As illustrated in the M-i-M structure, the single organic layer could be
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considered as an ultra-thin insulator film. The work function difference between two
metals provides an internal electric field across the organic layer. The exciton
generated in the organic layer will be separated by the built-in electric field. Holes
were transported to the ITO electrodes while electrons were pulled towards the
aluminum side. The produced current could be used to work. This model is called the
M-i-M model in the literature. ! The energy diagram of such a device is shown in
Figure 2.5. The photovoltaic properties of the single layer device strongly rely on the

choice of the electrodes.

\ Al

ITO Al
"""""""""" ITO
O A —
+ —
@ (b Voc

Figure 2.5 The energy diagram of single layer devices in M-i-M model:

(a) short-circuit condition and (b) open-circuit condition

However, it is not always correct to consider the organic layer as an

insulator.**! The polymer would easily be p-doped placing in oxygen and moisture
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environment. In the following revised model, the insulator was replaced by a p-type
semiconductor. ®® And a Schottky Junction would be formed between the aluminum
electrode and the organic. The energy diagram of the revised model is schemed in

Figure 2.6.

T a5 [T

O O
Figure 2.6 The energy diagram of single layer devices in p-type Schottky Junction

model

The bending region (W) close to the Schottky Junction corresponds to an
electric field in which the exciton could be broken up. Due to the finite exciton

diffusion length (<20 nm) in organic semiconductors Y, only the excitons generated
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in the vicinity of the junction could contribute to the photocurrent.
The low efficiency (less than 1%), resulted from the poor charge transport and
insufficient charge separation, limits the further development of the single layer

device.

2.2.2 Bilayer heterojunction devices

It is easy to build an internal electric field in an inorganic semiconductor through the
accurate control of p-type or n-type doing. However, most of the polymers used in the
OPV are pure or intrinsic semiconductors due to the difficulty of doping control. In
order to generate a built-in electric field, incorporating another semiconductor to form
a p/n junction structure could be a practical way. The electron acceptor/donor structure
is termed as the bilayer heterojunction device of OPV.

The first two-layer OPV device (bilayer Heterojunction device) was
demonstrated by C. W. Tang at Eastman Kodak Company in 1986. ! Two different
organic semiconductors were applied: copper phthalocyanine (CuPc) as the electron
acceptor and perylene tetracarboxylic derivative (PV) as the electron donor. The
device configuration as well as the current-voltage characteristics of the device is

shown in Figure 2.7.
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Figure 2.7 The device configuration and I-V curve of the first bilayer OPV device

The device achieved the efficiency of about 1% and a fill factor of 0.65, which
is much higher than most of the single layer device. Tang revealed that the interface
between two thin organic layers is the crucial determinant for the output voltage. The
generated exciton within several nanometers of the heterojunction will diffuse to the

interface and be segregated as depicted in Figure 2.8.
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Figure 2.8 The energy diagram of the bilayer heterojunction devices

The monomolecular charge transport is the biggest advantage of the bilayer
device, in comparison with the single layer device. In the bilayer device, the electrons
are transported in the acceptor domains, while the holes travel within the donor
regions. This mechanism effectively separates the two charge carriers by different
transport routes and largely reduces the possibility of geminate recombination. ! The
performance optimization of bilayer device is a trade-off between the absorption
thickness and diffusion length. Hence, there is still much room for the efficiency

promotion. 1°%

2.2.3 Bulk heterojunction devices
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The concept of bulk heterojunction (BHJ) was first proposed in 1995 by Alan Heeger
et al. B* In a BHJ device, the electron donor and acceptor are blended intimately in a
bulk volume so that the distance between the donor-acceptor interface and the exciton
generation sites is always within the exciton diffusion length. The bulk heterojunction
layer could be processed by co-evaporation or solution casting of the blend. Similar
with the single layer device, two different energy diagrams were used by the
community: The M-i-M model (Figure 2.9) B and the P-type Schottky Junction

Model (Figure 2.10) 4.

Bl
A
-

Figure 2.9 The energy diagram of the bulk heterojunction in M-i-M model
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Figure 2.10 The energy diagram of the bulk heterojunction in p-type Schottky

Junction model

A spatial bicontinuous morphology is mandatory for a better performance of
the bulk heterojunction device. Many kinds of treatment had been used for a better
control of the morphology of the bulk heterojunction, such as the thermal annealing™
and solvent-vapor treatment®®. As reported by Ma et al., through the post-production
annealing at 150° C, the P3HT/PCBM bulk heterojunction solar cell could have an
efficiency of 5%, which is the highest record for the system. 1 The solvent-vapor

treatment proposed by Yang et al. had a similar enhancement: the solvent molecules

made a contribution in the phase reorganization, and crystallization to improve the
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morphology. 7

2.2.4 Diffuse bilayer heterojunction devices

The diffuse bilayer heterojunction is proposed based on the design of the bulk
heterojunction, and its scheme is shown in Figure 2.11. This type of devices
successfully avoids the interrupted pathway for the charge transport, which is the
largest shortcoming of bulk heterojunction. The diffuse interface could be processed in

several ways, such as the annealing control of a bilayer device 2.

Figure 2.11 Diffuse bilayer heterojunction devices !
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2.3 Measurements of power converting efficiency

Power Converting Efficiency (n) is the most significant feature to evaluate the
performance of a solar cell. The n value is based on four parameters: incident radiant
power Pincigent, OPeN circuit voltage Vo, short circuit current density Js, and fill factor

FF. And the n is given by
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Figure 2.12 A typical Current Density-Voltage Characteristics of a solar cell ¥
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The V. is defined as the maximum voltage a device could produce when the
nodes are isolated. The maximum current a device could be measured when the nodes
are connected is termed as Js.. FF is the ratio of maximum power (the product of Vyep
and Juwp in Figure 2.12) to the product of the open circuit-voltage and the
short-circuit current. Generally, the value of FF represents the “squareness” of the
current density -voltage characteristics. All the information could be measured from
the current density-voltage curve of the device (Figure 2.12).

The generated photocurrent (Jsc) under illumination could be calculated

through the integral formula:

Jse =qA7 [B(MEQEN)d A  (Eqg. 2.2),

where g is the elementary charge, A the effective area for exciton absorption, @(4)
the incident photon flux at each wavelength A, and EQE (1) the external quantum
efficiency of the device. Quantum efficiency indicates the amount of current that the
cell could generate when absorbing photons at each wavelength. For solar cells, two
types of quantum efficiency are commonly used: External Quantum Efficiency (EQE)
and Internal Quantum Efficiency (IQE).

Ny(Charge Carriers Collected By Solar Cells)

IQE = N, (Absorbed Photon)

_ Ny(Charge Carriers Collected By Solar Cells)
B N, (Incident Photon)

EQE
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IQE represents the active layer’s ability of photon absorption. The EQE is
always smaller than the IQE and independent of the incoming light spectrum.

The solar cells share similar rectifying current density- voltage behavior with
the diodes. The Shockley diode equation for inorganic devices has already been
widely applied in the organic solar cell researches. To describe a real solar cell, several
other elements are added, including the current source (jsc), series resistor (Rs), and

shunt resistor (Rsy). The modified Shockley equation ™ is given as:

, . q(V_sz)} } V —JjRg ,
JV) = Jjo {exp{ T 1 R, Jse
where j, is the saturation current density, q the elementary charge, kT the thermal

energy, and n the diode ideality factor. The corresponding equivalent circuit is

depicted in Figure 2.13.

Figure 2.13 The equivalent circuit of a conventional solar cell
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Rs usually represents the resistance caused by the contacts, such as the
injection barriers and sheet resistances; while the Rg, refers to the influence of current
leakage between two electrodes, such as the losses due to some additional peripheral
current paths. To improve the efficiency of the device, Rs should be reduced and Rgy

should be increased as shown in Figure 2.14.

;-
5 5
g = T Rsndecreasing
i i 3
8 Rs increasing 8
Voltage \ B Voltage

Figure 2.14 Effects of Ry and Ry, on the photovoltaic performance ¢
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Chapter 3 Experimental Procedures

3.1 Device fabrication

3.1.1 Chemicals for experiment

The electron donor Poly(3-hexylthiophene-2,5-diyl) (P3HT) and the electron acceptor
[6,6]-Phenyl Cs; butyric acid methyl ester (PCBM) were purchased from 1-material
Chemscitech and used as received. P3HT and PCBM dissolved separately in
1,2-dichlorobenzene (DCB) solution with a weight ratio of 1:1 for blend use. The
Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) was obtained

from Aldrich. The chemical formulae of them are shown in Figure 3.1.

3.1.2 Conventional organic photovoltaic devices

The structure configuration of a conventional device is ITO/ PEDOT:PSS/
P3HT:PCBM/ Al. The device is usually prepared on pre-cleaned 1TO/glass substrate.
A PEDOT:PSS thin film with a thickness of 40 nm is then spin coated. After a

10-minute drying process at 120 °C, the prepared polymer blend (P3HT and PCBM)
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was spin-coated on top of the device. The active layer was allowed to dry in the DCB
ambience for 2 to 3 hours. All of the above processes are conducted in glove box filled
with Nitrogen (N,). Finally, an Aluminum (Al) cathode was deposited onto the

half-finished device by a vacuum evaporation system.

FoN £ /N CHa(CHz)4CH3

Cl

Cl
DCB

PEDOT:PSS PC::BM (PCBM)

Figure 3.1 Conjugated polymers and organic molecules used in our experiment

3.1.3 Symmetric electrode organic photovoltaic devices

The device configuration of a symmetrical electrode organic photovoltaic device is

exhibited in Figure 3.2.
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LOAD '

Figure 3.2 Device configuration of symmetrical electrode device

In a conventional organic photovoltaic device, a hole transport layer
(PEDOT:PSS) is inserted in between ITO and active layer to improve anode contact.
PEDOT:PSS is a typical P-type semiconductor, and usually worked as an
electron-block layer. Thus, the insertion of PEDOT:PSS layers at both ITO electrodes
of the symmetrical device would make it doesn’t work due to the blockage of electron
paths. However, a recent research by Dong et al. revealed that through
Ultraviolet-ozone treatment, the PEDOT:PSS-free devices could reach identical and
even higher efficiency compared with those devices with PEDOT:PSS. [ In our
experiment design, we adopted this PEDOT:PSS-free method to avoid the possible
asymmetry caused by the deposition of PEDOT:PSS layer.

In general, the fabrication procedure of symmetrical device includes ITO
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treatment, Thin film fabrication, Drying Process, and Thermal Annealing. All the steps
are done in a glove box filled with N». A brief summary of the manufacture procedure
is listed as follows:

a. ITO treatment: The patterned 1TO/glass substrate (Thickness of ~150 Ohm,
sheet resistance ~15 Ohm/cm?) is pre-cleaned and treated with Ultraviolet
(UV)-ozone plasma for 15 minutes before use.

b. Thin film fabrication: The blend of pre-dissolved P3HT and PCBM in DCB
solution was added on the two ITO/glass substrates. Put the two substrates
together. For the reference device 1 the PEDOT:PSS solution is used as the
active layer while the ITO/glass substrates are directly put together in
reference device 2.

c. Drying Process: The device was dried in DCB ambience for 2 to 3 hours.
During the process, the device was kept flipping every 5 minutes to avoid the
asymmetrical precipitation caused by gravity.

d. Thermal Annealing: The device was placed on a heating plate at 120°C for 10
minutes.

e. Measurement: The as-made device then was put into a sealed glass container
(jar) filled with inert N, during measurement. Two wires were connected with

the electrodes through the plug of the jar.
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3.2 Device characterizations

The organic photovoltaics are commonly evaluated by testing the Current-Voltage

(I-V) characteristics. A I-V curve defines a relationship between the current through

the device and the corresponding voltage across it. There are two methods to present

the curves: Linear and semi-logarithmic representation as shown in Figure 3.3.
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Figure 3.3 Linear and semi-logarithmic representation of current-voltage

characteristics for solar cells

[45]

The 1-V behavior is carried out under AM 1.5G illumination at 100 mW/cm?

(SAN-EI Electric XEC-301S solar simulator, 300W Xe Lamp JIS Class AAA; beam

size: 4 inch diameter). Through the measurement, we can obtain the information of

open-circuit voltage (Voc), short-circuit current (lsc), fill factor (FF), and power

48



Master Thesis - S. Chen; McMaster University - Materials Science and Engineering

conversion efficiency (n).

4 Positive End (+) ( \
1 Electrode A o : \A / I
2 ElectrodeB O

3 Negative End (-)

The Solar Cell The Measuring System

Figure 3.4 The measurement system for the current-voltage characteristics

Air mass (AM), a coefficient to describe the optical path length through the
Earth’s atmosphere, is an important parameter to characterize the solar cell
performance under standardized conditions. The definition of AM is given as:

1

COS z

AM =

where z is the angle from the normal to the earth’s surface (zenith angle). AM 1.5 is
the mostly used environment for the efficiency measurement, where z is 48.2°.

For the better observation and analysis, we simplified the testing set-up
(Figure 3.5). We position two lamps at the two opposite side of the device with a
distance of 20 cm in the symmetrical measurement. The as-made device was put in a
glass container filled with nitrogen. We can use the set-up to measure the photovoltaic

behavior from either side illumination. The measurement parameters of each test
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would be described in details in the results and discussion section.

Wire #>

20 ¢y

20.;,,,

Light Source #1 ¥ =~
Glass Container

Light Source #2

Figure 3.5 The set-up of the measurement system
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Chapter 4 Results and Discussion

4.1 Hysteresis phenomenon in the devices

4.1.1 The reference devices
The symmetrical device employs two identical Indium Tin Oxide (ITO)/ glass
substrates as the anode and cathode of the cell. Two referential cells named as
reference device 1 and reference device 2 were made for comparison. The device
configuration for reference 1 is ITO/PEDOT:PSS/ITO. For reference 2, two ITO
electrodes were put together directly without an active layer sandwiched between
(device structure: ITO/ITO).

We measured the devices with a scan rate of 20 mV/s and a voltage range from
-1 Vto 1 V. The obtained I-V curves are displayed in Figure 4.1. The reference 1
behaves as a constant resistor. The circuit of reference 2 is broken, since putting two
ITO electrodes together directly provides a poor connection. The open-circuit
characteristic of the reference 2 indicates that the I-V curves of reference 1 and the

symmetrical device could not be caused by the short circuit of ITO electrodes.
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Figure 4.1 The I-V characteristics of reference device 1 and 2
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Figure 4.2 The 1-V curves for the symmetrical device under illuminated and dark

condition
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4.1.2 Asymmetrical performance from a symmetrical device
Figure 4.2 displayed the 1-V curves of the symmetrical bulk heterojunction device
under both illuminated and dark conditions. Surprisingly, it is found that such a
symmetrical device exhibited asymmetrical behavior. In particular, it produces a
non-zero open-circuit voltage, and a finite short-circuit current. The device has a large
resistance of about 1 Mega Ohm, which is much larger than the common device.
According to the curve, the V,. of the device is about 0.28 V under
illumination. However, the open-circuit voltage (0.52 V) in the dark is abnormal to a
solar cell. As we know, without photon absorption, no voltage could be produced by a
solar cell in the dark. The dark voltage found in the I-V curves should be initiated by

some unknown excitation during our experiment.

4.1.3 Possible causes of the asymmetry

In order to find the origin of the dark voltage, we start to confirm the deviation of our
measurement system. We did the I-V measurement of three constant resistors (7.8
Mega Ohm, 23 Mega Ohm, and 2.3 Mega Ohm) at a slow scan rate (0.2 mV/s). The
obtained I-V curves are exhibited in Figure 4.3. The three resistors comply with the
Ohm’s law and the deviations of the measurement system (crossover point of the three
lines) are about 0.5 mV and 0.05 nA. The dark voltage could not be caused by the

measurement system.

54



Master Thesis - S. Chen; McMaster University - Materials Science and Engineering

The electrodes could not be the cause either. Both the anode and the cathode
are totally symmetrical since the two electrodes were cut from the same ITO/glass
substrate and the treatments applied are identical.

It is difficult for the sandwiched device to keep both of the electrodes identical.
During the preparation, we kept flipping the device every 5 minutes to avoid the
asymmetrical precipitation caused by gravity. Therefore, the asymmetry of the

electrodes is largely reduced and could not introduce the dark voltage.

0.2

10.26mV, 0.029nA

0.0

0.53mV, 0.062nA

V& /

-0.2 4 0.48mV, 0.038nA

Current(nA)

Scan Rate: 0.2mV/s
0.4 - —=— R1 =7.6 Mohm
—e— R2 =23 Mohm
—4aA— R3 = 2.3 Mohm

. . . , ;
-1.0 -0.5 0.0 0.5 1.0 1.5 20
Voltage(mV)

Figure 4.3 Experimental 1-V curves for three constant resistors (7.6 Mega Ohm, 23

Mega Ohm, and 2.3 Mega Ohm)
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It is found in literature that the initial measuring voltage might be the cause of
the open-circuit voltage ®, but the following cyclic voltage scan results eliminated
the possibility.

In a conventional device, the Aluminum and ITO electrodes are usually
deposited in different way. The interface of Aluminum and active layer is easily
damaged during the vacuum deposition. The differences between the deposition
processes of the two electrodes might lead to an asymmetry. Alem et al. reported a
symmetrical sandwiched device (Al/active layer/Al) could produce a voltage of 0.15 V,
which is attributed to the different top and bottom electrode interface. [*“ The two Al
electrode interfaces are formed under different environments: the later deposited metal
films could introduce thermal damage to the active layer surface during the deposition
while there is no interfacial damage caused by the early deposited metal layer.

However, the method we used causes no damage in electrode interfaces.

4.1.4 Cyclic voltage scan results

To unveil the mystery of the dark voltage, we did the cyclic voltage scan (CV)
measurement. We found that the dark voltage started to change its sign when the
voltage scanned from the opposite direction as shown in Figure 4.4.

The dark voltage might be caused by the hysteresis phenomenon in the device.
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The p/n junction or the acceptor/donor interface in the bulk heterojunction could be

considered as an intrinsic capacitor.

600
CV measurement
From -1V to 1V to -1V
4004 | Scan Rate: 20mV/s, 1Pt/s
| | —®#—b.1-3,24
—8—a.1-4,2-3
200 ~ |1=48nA I3=90nA
< U.=-26mV \
=-26m -
‘E’ . 1 - & U =41mV
o U3=-35mV
= ] U4=30mV
O 00 \ I4=—72nA
I2=-1 14nA
-400 —
-600 T T T T T T T T T T T
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

Voltage (V)

Figure 4.4 The cyclic voltage scan of the symmetrical device

The time constant (t) of a capacitor is given by:
T=R XC

where R is the resistance, and C the capacitance of the device.

The hysteresis appears when the time constant is smaller than the total scan

time. The large time constant of the device is caused by the resistance of 1 Mega Ohm,
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which is thousands of times larger than that of a normal organic solar cell.
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Figure 4.5 The slow scan rate I-V results under illumination and in the dark

We reduced the scan rate from 20 mV/s to a much slower one (2 mV/s) and
re-measure the device. The I-V curves are shown in Figure 4.5. As indicated before
(Figure 3.3), the 1 and 2 refer to the A side and B side electrode of the device, and 3
and 4 represent the negative and positive end of measuring power. According to the
curves, the dark voltage has been removed. To our surprise, the asymmetry still exists

in the device under illumination. Even when we change the wiring direction of the
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device (scan voltage: from -1 V to 1 V), the sign of the open circuit voltage for the
symmetrical device keeps unchanged (20 mV for the black square line and 52 mV for

the red dot line).

4.2 Asymmetric I-V behavior polarized by illumination

It is common sense that we can only obtain the symmetrical results when measuring a
symmetrical device. The symmetrical device could not produce current since both of
the electrode interfaces are identical. Asymmetry must exist in either fabrication or

measurement. The only possible asymmetry is caused by the illumination.

600 y , . ;
—=&— Light shines onto the
electrode 1
4004 | —e— Light shines onto the
electrode 2
200 I 1=73nA
= Y
< _ | =19nA
E . U 1—-28.6mV\\2\
c
D
5
O 200 -
-400 - ,=-156nA i
| 4=-31 9nA
-600 — —
-150 0 50 100 150

Voltage (mV)

Figure 4.6 The I-V curves of the device under different illumination condition
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(electrode 1 and 2 refer to the side A and B of the device as shown in Figure 3.3)

The estimated thickness of the symmetrical device is 100 micrometers, while
100 nanometers is sufficient for the photon absorption. The exciton could be generated
only in the vicinity of the electrode illuminated. In the region near the other electrode
(dark electrode), few excitons could be created. For the organic semiconductor, the
diffusion length for the exciton is rather small, at about 10 nm. Thus, the separated
charge carriers are all accumulated in the exciton generation regions.

To verify the asymmetry of illumination, we measure the I-V characteristics of
the device using different illumination direction (electrode 1 and electrode 2). As
shown in Figure 4.6, the open-circuit voltage is -28.6 mV when the illuminated
electrode is electrode 1 (side A in Figure 3.3), while 78 mV for illumination on
electrode 2 (side B in Figure 3.3). The results validate that the asymmetry is due to

the illumination.

4.3 Equivalent circuit analysis

As shown in Figure 4.7, the I-V curves in the dark are symmetrical about the origin.
The small deviation at the origin is caused by the fabrication errors, and could be

avoided.
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Figure 4.7 The 1-V curve of the symmetrical device in the dark
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Figure 4.8 The I-V curve of the symmetrical device under illumination
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The asymmetrical 1-V curve indicates the equivalent circuit of the symmetrical
device should include two identical diodes connected in opposite direction. Only by
parallel connection could the device present such -V characteristics. When
illuminated, the I-V curves become asymmetrical as exhibited in Figure 4.8. The
illuminated electrode is the cathode (negative side).

We assumed there is a vertical phase segregation in bulk Heterojunction layer,
which is attributed to the differences in the surface energy of P3HT (27.2 mN/m) and
PCBM (38.2 mN/m) ®®. The vertical phase segregation in BHJ had been observed by
several groups "), Since PCBM has a higher surface energy than P3HT, it may tend
to accumulate at the ITO substrate to reduce the overall energy. During the fabrication
of the device, we added the blend layer on two ITO substrates separately and then put
them together. Thus, we assume that the P3HT is distributed in the middle part of the
active layer while the domain near the ITO electrode is likely comprised of PCBM.
The proposed structure is displayed in Figure 4.9.

When the exciton dissociated at the region near the electrode illuminated, the
electrons as well as holes would diffuse to the illuminated electrode. Since the PCBM
has a much larger interface area with the electrode, the illuminated electrode works as
the cathode, while the dark electrode becomes the anode. The equivalent circuit for the

symmetrical device is exhibited in Figure 4.10.
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Excitons Generation

Light R :
% ITO g P3HT PCBM ITO

Figure 4.9 The proposed structure of the symmetrical device

Because of the asymmetry of exciton absorption, only one current source could
work under illumination. Assuming the working current source is jsa1, the device will
exhibit the photovoltaic characteristics due to D; for forward bias condition. Under
reverse bias, the D, starts to work and an anti-symmetrical current-voltage behavior
will be displayed.

The diode equation for the device " could be modified as:

iRy —V _ V_ R,
- 5
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V- sz
Rsh

+jsc1 _jscz
where j; and j, is the saturation current density of diode 1 and diode 2, n; and n; the
ideality factor of diode 1 and diode 2, g the elementary charge, KT the thermal energy,

Rs the series resistance, Rg, the shunt resistance of the device, jsc1 and jso the

photocurrent of current source 1 and 2.

Figure 4.10 The equivalent circuit for the symmetrical device

Three different types of symmetrical photovoltaic device were reported
recently, as shown in Figure 4.11. However, the effect of illumination could only be
observed in our device. The active layer thickness of both the planar ITO device (%
and planar Al device [*® is too small, and no difference would be formed in the exciton

generation. The output voltage of sandwiched Al device ! is caused by the
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asymmetrical electrode interfaces. Thus, the sandwiched ITO device could be the only

choice to unveil the asymmetry of illumination.

d=1
Blend: Polymer/SWCNT o mm
ITO y /s ITO
Glass (a)

C L

/ Al

A | /l MEH-PPV:PCBM
Polymer film
Sapphire substrate =
(b) Sapphire substrate (c)

Figure 4.11 Three typical symmetrical devices in literature: (a) planar ITO device; (b)

planar Al device; (c) sandwiched Al device

The proposed equivalent circuit model could be used to explain the I-V
characteristics of our device. However, some key issues such as the charge transport
processes in the active layer remain unknown. The energy diagram is needed for

further exploration of the operation mechanism of the symmetrical devices.
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4.4 Energy diagram analysis

The energy diagram is the most important tool to analyze the operation mechanism of
solar cells. M-i-M model (Figure 2.9) and p-type Schottky Junction model (Figure
2.10) are two commonly used models for energy diagram of bulk heterojunction

organic solar cells. However, both of them are flawed.

4.4.1 Two dominating energy diagram models
M-i-M model originates from the M-i-M structure. M-i-M model had been widely
employed in explanation of the device physics of bulk heterojunction organic solar
cells, such as the origin of output voltage and the driving force for the charge
separation. However, the model is based on the two inappropriate assumptions: the
organic layer is an insulator and the thickness of the layer is less than 10 nanometers.
According to the model, the symmetrical device could not work since the work
function difference between the two electrodes is zero (shown in Figure 4.12). The
output voltage produced in our symmetrical device proves that the M-i-M model is not
applicable to the symmetrical BHJ devices.
The p-type Schottky Junction model is a newly proposed model based on

experimental results . The model is successful in explaining the charge carrier
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distribution, transport properties, and lifetime in the bulk heterojunction. Despite its
wide application, the p-type Schottky Junction model is self-contradicted to some
extent. For example, it is unreasonable that the p-type semiconductor, which is a hole

transport layer, could be used to transport electrons.

LUMO of PCBM

ITO ITO

HOMO of P3HT

M-i-M model

(LUMO of PCBM\

ITO Fermi Level ITO

PR N R N N B _§ | —_—

U4 A
VHOMO of P3HT‘

P-type Schottky Junction model

Figure 4.12 The energy diagram of the symmetrical device in the M-i-M model and

the P-type Schottky Junction model
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The energy diagrams of the symmetrical device in the M-i-M model and the
p-type Schottky Junction model are shown in Figure 4.12. The energy diagram in the
p-type Schottky Junction model is symmetrical, and thus the barriers to the charge
carriers are identical at both electrode interfaces. A DC current couldn’t be formed and
no photovoltaic performance would be displayed. However, it is opposite to our
results.

Therefore, to explain the symmetrical device, a new model is needed.

4.4.2 The proposed model

In our device, three interfaces exist, i.e. P3HT/ITO, PCBM/ITO, and P3HT/PCBM
interface. The P3HT and PCBM in the active layer are equally distributed and their
respective agglomeration domain sizes are 5 to 10 nanometers. ** And the energy

levels of the materials for BHJ device are shown in Figure 4.13.
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Figure 4.13 Energy levels of the materials for BHJ device
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Figure 4.14 The energy diagram of the bulk heterojunction (P refers to P3HT and C

represents PCBM)

Due to few space charges accumulated in the P3HT or PCBM region, very
small or nearly no band bending exists at the interfaces. The holes in P3HT and
electrons in PCBM are transported in different manner: the holes favor higher energy
levels (for electrons) while the electrons would like to move towards low energy
levels. The Energy orbital of P3HT (HOMO) is lower than that of PCBM (LUMO).
The transport path for a charge carrier is exhibited in Figure 4.14. The output voltage
would be the potential difference between initial state (C) and final state (P). In fact,
the paths for charge carriers in bulk heterojunction are much more complicated with
more interfaces.

The actual microstructure of bulk heterojunction could be considered as a
mixture of spaghetti for P3HT polymer and meatballs for PCBM (shown in Figure

4.15). Thus, the former assumption of bulk heterojunction in Figure 4.9 is incorrect.
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P3HT is a long chain polymer while PCBM is a fullerene derivative. The two are well
distributed and interpenetrated in the layer. The path for charge carrier’s transport
could be taken of as a sequence with different number of elements (P3HT or PCBM)
and in multifarious orders. There are many paralleled paths between the two

electrodes.

Disordered
P3HT P3HT

Figure 4.15 The microstructure of bulk heterojunction

For simplification, the blend model of simple 5-position path is analyzed. A
much more complex system with more positions could also be considered as a
5-position system because some positions could be considered as repeating of the

5-position system.

70



Master Thesis - S. Chen; McMaster University - Materials Science and Engineering

Since each position of the 5-position path could only be occupied by either P
(P3HT) or C (PCBM), there are 32 paths for the BHJ structure. To produce an output
voltage, the final position and the initial position should be different. Therefore, only

16 of them are possible for transport of charge carriers (from the left side to the right

side in Figure 4.16).
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Figure 4.16 The possible charge transport paths for charge carriers

P3HT is a well-spread long chain polymer and the holes can hop through the
PCBM barrier from one P3HT position to another (Figure 4.17). However, the

situation for the electron is different. Since the PCBM is accumulated in isolated
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regions, the electron could not transport through the barrier of P3HT. Therefore, only
one path is effective for the electrons and four for the holes, which are all indicated by

the red dotted boxes in Figure 4.16.

transport

electron

Figure 4.17 The charge carrier transport paths

Under illumination, most of the holes are transported to the dark electrodes
while the electrons would be collected by the illuminated electrode directly. The final

dynamic equilibrium between the holes and electrons movement produces a DC
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current. The long distance transport results in the large resistance and small
short-circuit current of the device.

In summary, the photovoltaic performance is resulted from the asymmetrical
exciton distribution by the asymmetrical illumination. The interpenetrated structure of
P3HT and PCBM makes it easier for the holes to be transported to the dark electrode,
while the electrons could only be extracted by the illuminated electrode. The

equivalent circuit of the device is a pair of inversely paralleled diodes.
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Chapter 5 Conclusion

As a promising candidate to silicon-based solar cells, the organic photovoltaic is
attractive due to the cost advantage and mechanical flexibility. A huge development
has been made during last 30 years, including the understanding of the device physics,
the stability enhancement, and the efficiency improvement. However, some key issues
in the device physics of the organic photovoltaics remain unsolved, such as
controversy on the widely used energy diagrams.

In the thesis, a symmetrical structure is introduced to explore the controversy.
We want to isolate the asymmetry of the materials and device from the symmetrical
structure. Surprisingly, the symmetrical device produces a non-zero open-circuit
voltage and a finite current. The performance was found to be caused by the
asymmetrical illumination and the illuminated electrode turn out to be the cathode.
The photovoltaic behavior of the symmetrical device effectively invalidates the widely
used M-i-M model and P-type Schottky Junction model, both of which predict that the
symmetrical BHJ devices could not work.

The equivalent circuit of inverse parallel diodes as well as a new model for the
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bulk heterojunction energy diagram is proposed to explain the observed characteristics
and understand the operation mechanism of the symmetrical device, which would
certainly have a profound influence in the manufacture method as well as the device

physics analysis of bulk heterojunction organic photovoltaics.
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